At least six mRNAs are made from the Drosophila melanogaster act5C gene. We investigated the structures of these RNAs in detail and determined that they are heterogeneous at both their 5' and 3' ends. At the 5' end there were two nonhomologous leader exons which were alternately spliced to the remainder of the gene. These leader exons mapped to 1.7 and 0.7 kilobases, respectively, upstream of a common splice acceptor site which was eight base pairs 5' to the translation initiator AUG. Exon 1 is 147 bases in length, while exon 2 is 111 bases. A consensus TATA sequence was found roughly 30 base pairs upstream from exon 1, but none was found in the analogous position upstream of exon 2. The transcript length diversity arose principally from the use of three polyadenylation sites. This gave rise to RNA molecules with 3'-untranslated regions of roughly 375, 655, and 945 base pairs. With two start sites and three termination sites, this gene has the potential to produce six different transcripts. All six possible transcripts were present in whole fly mRNA. Transcripts containing the two different leader exons were found in roughly the same relative quantities through development. In contrast, the various 3' ends were differentially represented through development.
There are six members of the Drosophila melanogaster actin multigene family (18, 19, 53) . They map to six widely dispersed chromosomal sites. The genes can be placed into three classes that show different developmental patterns of expression (20) . Two of the genes (act79B and act88F) are expressed in the late pupae stage and in adults and encode the major fibrillar and tubular adult-specific muscle isoforms, including those for the flight and jump muscles. actS7A and act87E are expressed in larval and late pupal-adult stages. They are believed to encode actins for larval musculature and abdominal muscles of the adult. act5C and act42A encode the cytoskeletal actins of nonmuscle cells. They are expressed in the whole animal in most stages of development and are the only actins expressed in early embryos.
Insofar as they have been mapped, intron positions and sequences of the six genes are not conserved, with the exception of the intervening sequence at codon 307 which is present in the act88F and act79B genes (18, 46) . However, the protein-coding regions are rather highly conserved, and there is 85 to 95% amino acid sequence homology among the six actin isoforms.
In this study we were concerned with the structure of the actSC gene. The structure of the gene, as it was known prior to this study, is depicted in Fig. 1 . R-loop studies indicated that there is a short exon (exon 1) about 1.7 kilobases (kb) upstream of the main exon (exon 3). Sequence data suggest that the protein-coding region is entirely contained in exon 3 and that there is a consensus splice acceptor sequence 8 nucleotides upstream of the translation initiator ATG (18) . Sequence data and results of in vitro transcription studies provided a tentative identification of a cap site at the 5' end of exon 1 as well as a TATA box and an activating sequence upstream (40; D. Price, B. Korber, J. Topol, and C. S. Parker, personal communication).
RNA gel blots showed that there are three act5C tran-* Corresponding author.
scripts with molecular lengths of 2.2, 1.95, and 1.7 kb (20) . Their relative intensity in whole animal RNA varies with developmental stage. In general, the 1.95-kb band is the most intense. We hypothesized that the reason for the length difference is alternative choices of polyadenylation sites in the 3'-untranslated region. This study was undertaken to obtain decisive information about the structures of the several transcripts. The results reported below show that in addition to the mRNA of structure exon 1-exon 3, as depicted in Fig. 1 , there is an additional cap site (and presumed transcription start site) between exons 1-3 and an additional mRNA of structure exon 2 and exon 3, as shown in Fig. 1 . Exons 1 and 2 are not greatly different in length. The main cause of the three length classes is the existence of three alternate polyadenylation sites. Our data indicate that in whole animal RNA, exons 1 and 2 are used with approximately equal probability in all stages of development and with all three polyadenylation sites. Furthermore, there is some developmental variability in the usage of the three polyadenylation sites.
MATERIALS AND METHODS Preparation of RNA. RNA was prepared by a modified guanidinium thiocyanate method (12, 19) . Typically, about 15 ml of guanidinium solution was used for each gram of tissue. After the addition of CsCl, the mixture was centrifuged for 15 min at 10,000 x g in an SS34 rotor. The cuticles and other debris formed a band on top of the CsCI solution which was discarded. The solution was then spun in the ultracentrifuge as described above. Poly(A)+ RNA was selected by oligo(dT) chromatography (2 After 15 min at room temperature, the nucleic acids were recovered by centrifugation. The RNA precipitation procedure removed most of the excess primer molecules. The ethanol-rinsed and dried pellet was suspended in 15 ,ul of a 2x cDNA mixture (0.1 M Tris [pH 8.3]; 12 mM magnesium acetate; 0.12 M NaCl; 20 mM dithiothreitol; 2 mM each of dATP, dGTP, and TTP). To this was added 2 ,ul of 10 mM dCTP, 1.9 ,ul of 0.8 ,ug of actinomycin D per ml, 15 U of reverse transcriptase, and water to 30 ,ul. The solution was incubated at 37°C for 45 min and precipitated with ethanol. The precipitated products were run on alkaline agarose gels (36) or, after RNase A digestion of the RNA templates, on 6% polyacrylamide-8 M urea gels. S1 nuclease and exonuclease VII mapping of transcripts. Typically, 10 ng of 32P-labeled DNA fragments was hybridized to 1 ,ug of poly(A)+ RNA in 80% formamide at 55°C and then digested with S1 nuclease (6, 15) Thomas (52) . Blotting, hybridizations, and blot washings were performed as described previously (20) . Hybridization probes were gel isolated and labeled by nick translation.
The act5C gene has two transcription start sites. The structure of the 5' end(s) of the transcripts was first investigated by primer extension experiments. The primer was a synthethic oligonucleotide which was chosen to fulfill two criteria. First, it had to be able to prime cDNA synthesis from all act5C transcripts, regardless of their 5'-untranslated sequences. For this reason, the sequence was taken from the protein-coding portion of the gene. Second, it had to be specific for the act5C gene and not hybridize to other actin mRNAs. The actin protein-coding regions, in general, were very homologous, but a search of the protein-coding sequences revealed a 24-nucleotide stretch which contained six mismatches between the act42A and actSC genes. This sequence, which starts 80 base pairs (bp) downstream from the act5C gene initiator AUG, was used for the primer, and early embryo RNA was used for the experiments because only these two actin genes were expressed at that developmental stage. Hybridizations were done under conditions in which the primer would hybridize only to the actSC RNA.
Surprisingly, the primer extension experiments showed four bands with lengths of 258, 255, 222, and 213 nucleotides, and they were of approximately equal intensity (Fig. 2) . These data indicate that transcripts of the gene have at least two and perhaps as many as four different 5' ends but do not give any information about where they map on the genomic DNA.
To map the location of the 5'-untranslated sequences with respect to the genomic DNA, S1 nuclease and exonuclease VII experiments were done. A 4.2-kb kinase-labeled BgIII fragment of genomic actSC DNA (Fig. 3B ) was used as a hybridization probe to poly(A)+ RNA from different developmental stages. This DNA fragment contains 250 bp of actin protein-coding sequence and 4 kb of upstream sequences.
Hybrids formed between early and late embryo poly(A)+ RNA and the labeled DNA fragment were digested with exonuclease VII or S1 nuclease. The exonuclease VII-and S1 nuclease-protected bands are displayed on an alkaline agarose gel (Fig. 3) . The two enzymes protected fragments with different lengths, indicating that splicing occurs at the 5' end of the gene. The S1 nuclease-protected band was roughly 300 bases in length, indicating the presence of a splice acceptor site just upstream of the AUG codon in all act5C transcripts. Exonuclease VII digestion yielded two fragments with lengths of 0.95 and 1.98 kb which were of roughly equal intensity.
These results indicate that exon sequences terminating at their respective 5'-end cap sites are present in the genomic DNA at roughly 0.7 kb (exon 2) and 1.7 kb (exon 1) upstream from the splice acceptor site. The location of exon 1 had previously been found by R-loop analysis (17) and by in vitro transcription experiments (D. Price and C. Parker, personal communication). Exon 2 was not found by R-loop experiments.
These results do not determine the size or number of the upstream exons in the several transcripts. Furthermore, the relationship between the two exonuclease VII digestion products and the primer extension products was not resolved by this experiment.
Sequencing of the 5' leader exons. To determine the size and number of upstream exons, we isolated and analyzed cDNA clones for the actSC gene. A D. melanogaster (8-to 20-h-old embryo cDNA library was obtained from Larry Kauvar. It was screened with a genomic probe which RESULTS VOL. 6, 1986 contained about 4 kb of sequences upstream of the AUG codon and no protein-coding sequences. Actin proteincoding sequences are highly homologous, but the untranslated sequences are not (18, 19) . This probe was chosen to maximize the chances of getting actSC specific full-length cDNA clones.
A screen of 2 x 104 phage gave 16 positive clones. The 5' ends of 10 of these clones were sequenced from the 5' ends of the inserts to a SalI site 30 bases inside of the coding region of the gene. We sequenced into the coding region of each cDNA clone to be sure that we had isolated actSC clones. There were enough base substitutions in the first 30 bp of the protein-coding sequence to identify unambiguously each actin gene. We also sequenced a 900-bp region of actSC genomic DNA that was shown by exonuclease VII experiments to contain exon 2. (35) .
surmised (20) , and they all contained act5C protein-coding sequences. The clones fell into two classes with respect to sequences further in the 5' direction.
Of the 10 clones, 7 had roughly 147 bp of sequence joined directly to the previously mentioned splice acceptor site. A comparison of these sequences with known genomic sequences revealed that they are completely homologous, with a 147-bp stretch of sequence about 1.7 kb upstream of the initiator AUG (exon 1). A primer extension product made from an RNA of this structure would be 258 bases in length or the same as the longest of the four products seen. Five of the seven clones were full length, while one was 3 bp shorter and the final clone was 25 bp shorter. The clone with the 144-bp exon 1 sequence was of the correct size to correspond to the primer extension product with a length of 255 nucleotides. We do not know whether this is a real alternate start site or a premature stop by reverse transcriptase. We presume that the clone that was 25 bp short is an incomplete cDNA.
The remaining three clones had a different sequence spliced to the acceptor site. This sequence had no homology to a 450-bp region which included exon 1. Rather, it was identical to sequences roughly 0.7 kb upstream of the initiator AUG codon at the site predicted by the exonuclease VII analysis (exon 2). In two of these clones, this exon was 111 bp in length, while the third clone was 9 bp shorter, Of the 10 clones, 4 had an extra guanine nucleotide between the poly(dC) tail used in the cDNA cloning and the transcription start that did not correspond to the genomic sequence. This may be due to reverse transcription of the cap nucleotide.
The correspondence between the cDNA clones and the primer extension products was confirmed by sequencing the latter (data not shown). These results indicate that at least two independent transcription start sites are used to give rise to two classes of actin 5C mRNA. They are alternately spliced to the body of the gene. Fig. 2; Fig. 6 ).
The blots that were hybridized with exon 1 and 2 probes looked very similar. Both leader exons were used in RNAs of 1.7, 1.95, and 2.2 kb, indicating that all three polyadenylation signals are used with each start site (Fig. 6 ). Both leader exons were represented in transcripts at each stage of development studied. The level of these transcripts appeared to rise and fall with a similar pattern. No remarkable differences in the pattern of expression of these two leader exons were seen, with the exception of two higher molecular weight species which were seen only in pupal RNA and were homologous only to the exon 2 probe. The identity of these bands is unknown.
DISCUSSION
We have shown that six different transcripts are made from the D. melanogaster actSC gene. These results are shown in Fig. 7 and discussed below.
The act5C gene has two transcription start sites. We found that two classes of RNA with respect to 5'-untranslated sequences are made from the actSC gene. Their 5' sequences were encoded by two distinct leader exons which were located 1.7 and 0.7 kb upstream of the translation initiator AUG. These leader sequences were alternately spliced to a common splice acceptor site which is 8 bp 5' of the AUG codon. We saw some microheterogeneity in the exact initiation sites of exons 1 The mouse a-amylase la gene (25, 26, 48, 57) , like actSC, has two leader exons which are alternately spliced to a common third exon. The distal promoter is 30 times stronger than the proximal promoter and drives transcription of a parotid gland-specific mRNA. Transcription from the proximal promoter produces an mRNA which accumulates to a level that is 100 times lower in the liver, parotid gland, and pancreas. Two classes of D. melanogaster ADH mRNA that differ only at their 5' ends are transcribed in adults and larvae (5) . The adult transcripts are made from the distal promoter and require splicing of the upstream adult-specific leader exon to the next exon which contains 5'-untranslated sequences and the translation initiator AUG codon. The larval transcripts originate at the proximal promoter which lies just upstream of the splice acceptor site for the adult transcript. The larval transcripts do not require splicing at their 5' ends. Transcription from the distal promoter of the yeast invertase gene (10, 43) is under the control of glucose and produces an RNA which encodes the secreted, glycosylated form of the enzyme. Transcription from the proximal start site, on the other hand, is constitutive. The transcripts which originate at the proximal site start within the sequence of the signal peptide of the protein coded for by the larger RNA and therefore produce a protein without a signal sequence, which is therefore intracellular. Neither product requires 5' splicing. The chicken myosin light chain 1 (LC1) and 3 (LC3) gene (38) uses alternate splicing of two separate leader exons to produce different transcripts. In this case, the splice acceptor site is in the protein-coding region, and the RNAs code for proteins with different amino-terminal sequences. Transcripts made from the distal promoter encode LC1 which is expressed in skeletal muscle and heart. LC3 transcripts are made from the proximal promoter and are expressed in skeletal muscle and gizzard. LC1 is made earlier in embryonic development (10 to 14 days) than LC3 which appears in embryos at 14 to 15 days. Multiple initiation sites are also used for the chicken ovomucoid (21, 30) and lysozyme (24) genes. In both of these cases, however, while the different start sites may be used with different efficiencies, there does not appear to be developmental or tissue-specific use of the start sites.
Many genes have been shown to have microheterogeneity around the cap sites. In these cases several mRNAs are made from a single gene, but they differ by only a few bases in length. Some examples are the human alpha actin gene (27) , the D. melanogaster myosin LC-2 gene (41), the adenovirus type 2 EIl gene (1), the simian virus 40 late genes (16, 22, 23) , the polyomavirus late genes (17), the chicken ovalbumin gene (34) , the chicken lysozyme gene (24) , and the yeast Adh-I gene (3).
In conclusion, this review of the literature indicates that for most of the known cases of alternate transcription start sites and alternate first exons, there is some tissue or stage specificity of expression, a resulting difference in the gene product, or both. In contrast, there is no indication of such differences for the two transcription start sites of the actin 5C gene.
Exon 2 lacks a TATAA sequence. An examination of the DNA sequences immediately 5' of the two cap sites showed that some sequences present in this region in many eucaryotic genes are lacking. We did find a TATAA sequence 30 bp upstream of the transcription start at exon 1, but no such sequence was found in the vicinity of exon 2. An AATT sequence was found 30 bp upstream of the exon 2 cap site. Neither start site was preceded by a CCAAT sequence which is generally found roughly 65 bp upstream from the transcription start.
There are several cases of eucaryotic genes with no TATAA sequence in the region 30 bases upstream of the transcription start. Some examples are the D. melanogaster myosin alkali LC (14) , the human antithrombin III gene (44) , the simian virus 40 late genes (16, 45) , and the adenovirus type 2 EII gene (1) . Several of the genes mentioned earlier, namely the D. melanogaster Adh-I adult promoter (5) (24) , D. melanogaster myosin LC-2 (41), and yeast Adh-I (3), are missing the consensus TATAA sequences but have an AT-rich region in the analogous position. The lack of TATAA sequences has been postulated to be responsible for heterogeneity around the cap site in some cases.
The sequence ATCAGTC or a similar sequence has been found at the transcription start of several D. melanogaster mRNAs (51). The sequences ATCACTA and TTCAGTC were found at the starts of exons 1 and 2, respectively. Do exons 1 and 2 have independent promoters? Two lines of evidence suggest that the sequences at and upstream of exon 1 are sufficient for the independent initiation of transcription. Price and co-workers (Parker et al., personal communication) have tested a DNA segment containing exon 1 and upstream sequences, but not exon 2, in an in vitro transcription system. They found a high level of transcription initiation at the same site that we mapped as the cap site for exon 1. Furthermore, we made fusions between putative actin promoter sequences and the bacterial chloramphenicol acetyltransferase gene and tested these constructs by transient assays in D. melanogaster Kc cells (unpublished data). We found that sequences upstream of exon 1 are sufficient to cause a high level of expression from this promoter in these cells.
However, at present, there is no evidence as to whether transcription can initiate at the cap site of exon 2 under the control of promoter sequences immediately upstream, or whether sequences around the promoter for exon 1 are necessary for production of the RNA beginning at exon 2. Experiments to test this question are in progress.
Multiple sites of polyadenylation. Three major size classes of RNA exist for the act5C gene. We found that the major source of this size heterogeneity lies at the 3' end of the gene at which three sites of polyadenylation are used. The first two sites were used in all stages of development studied, but the corresponding mRNAs were not always present in the same relative amounts. The transcripts which terminated after the second polyadenylation signal were always the most abundant. The third and distant site was used only at particular times in development, especially at mid-embryo and early pupal stages. There is as yet no known functional (54) , the dihydrofolate reductase gene (49, 50) , the bovine prolactin gene (47) , the ovalbumin gene (33), the ovalbumin X and Y genes (28, 32) , the human P-tubulin gene (31), the chicken vimentin gene (9, 58) , the chicken ovomucoid gene (21) , the immunoglobulin heavy-chain genes (11, 13, 37) , the major late adenovirus type 2 transcription unit (39) , the yeast Adh gene (3), the a-2 microglobulin gene (55), the ,-2 microglobulin gene (42) , and the D. melanogaster myosin alkali LC gene (14) .
In many cases the alternative sites of polyadenylation are used with different frequencies, and in the case of the chicken vimentin gene (9) there is some tissue specificity in the use of the different sites. The significance of having multiple mRNA species transcribed from a single gene and differing only in the lengths of their 3'-untranslated sequences, however, is in general unknown.
The only case in which the alternate use of polyadenylation sites has a known functional significance is the case of the immunoglobulin heavy-chain genes. Early et al. (13) showed that the mRNAs for the secreted and membranebound forms of immunoglobulin M are transcribed from the same gene and differ only at their 3' ends. A similar arrangement has been found for all of the immunoglobulin heavy-chain classes. Milcarek and Hall (37) showed that the ratio of the membrane-bound and secreted forms of the y-2b mRNA in the cell is determined by selective use of the alternate polyadenylation sites.
